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Abstract 

^--^A  photographic  study  of  a  hydrogen  chloride  gas  jet  reacting  in  an 
aqueous  solution  of  ammonia  was  conducted.  The  high-speed  motion  pictures 
taken  revealed  that  the  behavior  of  the  reacting  gas  jet  was  highly  dynamic 

r  r 

and  complex.  The  gaseous  jet  penetration  (“plume4*)  was  not  stationary,  but 
underwent  a  change  in  shape  and  size  with  time,  which  appeared  to  be  periodic 
or  cyclic.  Certain  observations  made,  including  a  high-pitched  sound, 
exhibited  a  striking  similarity  to  the  so-called  "singing  flame"  phenomenon. 
Such  dynamic  plume  behavior  Is  attributed  to  the  vaporization  of  the  bath 
liquid  due  to  reaction  heat  release.  The  plume  length  measurements  for  large 
concentrations  of  ammonia  seem  to  confirm  the  prediction  that  when  the  extent 
of  vaporization  is  large,  the  plume  length  is  mainly  determined  by  the 
distance  required  for  condensation  of  the  vapor.  y/  , 
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I.  Introduction 


-^Power  systems  based  on  liquid  metal  combustion  are  particular^attrac- 

tive  for  underwater  applications  due  to  the  relatively  high  heat  of  reaction 

L 

and  the  absence  of  gaseous  combustion  products.  While  feasibility  of  a 
metal-combustion  power  system  has  been  demonstrated  in  laboratory  tests, H-4-fr 
the  parameters  and  mechanisms  controlling  the  combustion  reaction  are  not 
adequately  understood.  It  would  be  expected  that  the  chemical  kinetics  of 
metal  combustion  reactions  is  so  fast  that  the  reactions  are  usually  control¬ 
led  by  mixing  and  transport  processes.  It  appears,  however,  that ‘very^l ittle 
work  has  been  done  on  the  detailed  mechanisms  of  these  controlling  processes, 
except  for  the  pioneering  studies  by  Faeth  and  his  co-workers  [5,6]. 

Recently,  an  experimental  program  has  been  initiated  at  Argonne  National 
Laboratory  to  investigate  in  detail  the  reaction  zone  structure  of  an  oxidizer 
gas  jet  submerged  in  a  liquid  metal  fuel.  In  this  investigation,  a  single, 
sonic  jet  of  chlorine  gas  will  be  injected  into  molten  baths  of  pure  sodium 
with  the  objective  of  characterizing  the  reaction  zone  and  its  immediate 
environment.  Flash  X-ray  pictures  will  be  taken  of  the  reacting  gaseous 
jet.  A  fiber  optic  pyrometer  will  be  employed  to  measure  the  reaction  zone 
temperature.  Temperature  gradients  in  the  near  environment  of  the  reaction 
zone  will  be  measured  using  thermocouple  arrays. 

As  a  prelude  to  the  sodium/chlorine  experiment,  a  series  of  photographic 
experiments  using  a  simulant  pair  of  reactants  have  been  conducted.  In  these 
experiments,  pure  hydrogen  chloride  (HC1)  gas  was  injected  into  an  aqueous 
solution  of  ammonia  (NH3).  There  were  two  reasons  for  choosing  the  NH3/HCI 
system.  First,  it  would  provide  new  data  for  chemically  reacting  gas  jets, 
especially  for  situations  where  the  reaction  zone  length  is  expected  to  be 
short.  Second  and  perhaps  more  important,  an  examination  of  the  energetics  of 
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the  NH^/HCI  and  Na/C^  systems  vis-a-vis  the  latent  heat  of  fuel  vaporization 
suggested  that  these  two  systems  would  have  similar  potential  for  fuel  vapor¬ 
ization  due  to  the  heat  of  reaction.  The  fuel  vaporization  would  have  an 
important  effect  on  the  reaction  zone  structure,  since  it  would  influence  the 
reaction  mechanism  (e.g.  gas/liquid  interface  vs.  gas-phase  reaction)  as  well 
as  the  mi  ng  of  the  gaseous  oxidizer  jet  and  liquid  fuel.  This  report  sum¬ 
marizes  the  results  of  the  NH^/HCl  experiments,  which  seem  to  indicate  the 
Importance  of  fuel  vaporization  in  understanding  the  behavior  of  a  reacting 
gaseous  jet  in  liquids. 
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II.  Apparatus  and  Procedure 

As  shown  in  Fig.  1,  the  apparatus  for  the  simulant  materials  experiments 
centers  on  a  reaction  vessel  made  of  a  vertical  45  cm  section  of  10  cm  ID 
glass  pipe.  The  bottom  of  the  vessel  is  a  flat  stainless  steel  plate  with  a 
center  hole  and  fitting  to  accommodate  a  1/4"  OD  tube  and  nozzle,  a  flush 
mounted  pressure  transducer,  an  electrical  heater  and  a  drain  valve.  The  top 
is  another  flat  plate  with  a  thermocouple  feedthrough  and  three  valved  holes 
(the  heater,  thermocouple  and  some  of  the  valves  are  not  shown  in  Fig.  1). 

One  of  the  holes  serves  as  an  inlet  for  filling  the  vessel  with  the  liquid 
reactant  while  the  other  two  are  exhausts.  One  goes  directly  to  the  building 
ventilation  and  the  other  goes  through  a  packed  bed  scrubber  filled  with  a 
solution  of  sodium  dihydrogen  phosphate  that  will  neutralize  any  HC1  or  NHj 
gas  from  the  reaction  vessel. 

The  nozzle,  as  shown  in  Fig.  2,  is  inserted  5  cm  from  the  bottom  of  the 
vessel.  It  is  connected  through  a  three-way  ball  valve  to  an  argon  purge  line 
and  the  hydrogen  chloride  supply  line.  A  pressure  gauge  in  the  line  measures 
the  upstream  pressure  of  the  semiconductor  grade  HC1  supplied  from  a  commer¬ 
cial  cylinder  through  a  pressure  regulator. 
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The  flush  mounted  pressure  transducer  at  the  bottom  of  the  reaction 
vessel  is  of  a  piezoelectric  type  and  measures  pressure  fluctuations  in  the 
ammonia  solution.  It  is  located  at  a  distance  of  3.8  cm  from  the  nozzle  tube 
axis  (6.3  cm  from  the  nozzle  exit). 

Either  high  speed  movies  or  single  frames  using  a  200  psec  strobo  light 
can  be  taken  of  the  jet  behavior.  Signals  from  the  pressure  transducer  can  be 
displayed  on  an  oscilloscope  or  superimposed  on  the  motion  pictures. 

The  operating  procedure  for  a  normal  experiment  began  with  the  installa¬ 
tion  of  the  selected  nozzle.  The  reaction  vessel  was  then  filled  with  two 
liters  of  pre-mixed  aqueous  solution  of  ammonia.  Argon  was  run  through  the 
nozzle  for  several  seconds  to  check  the  operation  of  the  system.  A  sample  of 
the  solution  was  drawn  off  through  the  drain  valve  and  saved  for  later  chemi¬ 
cal  analysis.  The  HC1  supply  to  the  nozzle  was  then  valved  on  and  photo¬ 
graphic  and  pressure  records  were  taken.  The  nozzle  was  switched  from  HC1  to 
argon  after  about  10  seconds  of  operation.  (After  ten  seconds  a  myriad  of 
small  bubbles  appeared,  obscuring  the  view  of  the  jet  and  thus  making  it 
virtually  impossible  to  take  a  good  photograph.  It  is  presumed  that  the 
bubbles  were  of  non-reacting  gas  contaminants  of  the  HC1  stream.)  The  argon 
purge  was  continued  for  about  ten  seconds  to  clean  the  nozzle  of  HC1  and 
reduce  corrosion  of  the  equipment.  The  HC1  injection  was  repeated  as  neces¬ 
sary.  A  final  sample  of  the  solution  was  taken.  Then  the  vessel  was  drained 
and  the  nozzle  and  pressure  transducer  were  removed  and  cleaned.  The  initial 
and  final  solution  samples  were  titrated  with  a  standard  solution  of  HC1  to 
determine  the  concentration  of  NH40H. 
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III.  Plume  Lengths 


Prior  to  making  runs  with  reacting  jets,  a  series  of  preliminary  experi¬ 
ments  were  conducted  using  an  air  jet  submerged  in  water.  The  purpose  of 
these  experiments  was  to  evaluate  the  design  of  gas  injection  nozzles. 

Various  designs  of  1-mm  diameter  straight-bore  nozzles  were  tested  and  no 
significant  differences  in  the  hydrodynamic  behavior  of  gas  jets  were 
noticed.  For  all  tests  the  plenum  pressure  was  sufficiently  great  that  the 
flow  was  always  choked  at  the  nozzle.  An  interesting  observation  common  to 
the  various  designs  was  the  occurrence  of  occasional  bursts  and  pulsations 
near  the  nozzle  exit  producing  very  small  gas  bubbles  circulating  around  the 
jet.  The  frequency  of  these  bursts  was  of  the  order  of  a  few  per  second  and 
depended  somewhat  on  the  flow  rate.  An  example  of  the  jet  behavior  is  shown 
in  Fig.  3,  which  is  a  single-frame  stroboscopic  picture  for  a  plenum  air 
pressure  of  30  psig.  As  shown,  the  jet  emerged  from  the  nozzle  in  a  contin¬ 
uous  cone  having  a  diffusion  angle  of  23  degrees.  This  behavior  had  been 
previously  observed  by  Bell,  Boyce  and  Collier  [7], 

Plume  Length  Data 

Two  series  of  runs  involving  the  injection  of  HC1  gas  into  aqueous 
solutions  of  NH3  were  made,  one  at  a  plenum  stagnation  pressure,  P$,  of  20 
psig  (0.239  MPa)  and  another  at  P$  =  40  psig  (0.377  MPa).  Both  plenum 
pressures  were  more  than  sufficient  to  cause  flow  choking  at  the  injector 
nozzle.  The  mass  fraction  of  ammonia  in  the  solution,  Yp^,  ranged  from  0.024 
to  0.30.  All  runs  were  made  at  room  temperature,  using  a  1-mm  diameter 
injector  nozzle.  For  each  run,  a  single-frame  stroboscopic  picture  was  taken 
of  the  penetration  of  the  gaseous  jet  into  the  ammonia  solution  ("plume"). 

The  plume  length  was  determined  from  analysis  of  the  stroboscopic  picture 
taken.  For  each  experimental  condition,  four  identical  runs  were  made.  (One 


exception  was  for  the  case  of  Ps  =  20  pslg  and  Yp^  =  0.024  where  only  two 
Identical  runs  were  made.)  The  four  pictures  shown  in  Fig.  4  correspond  to 
the  four  runs  made  for  the  case  of  Ps  =  40  psig  and  Yp^  =  0.105. 

The  results  for  P$  =  20  psig  are  presented  in  Fig.  5  and  those  for  P$  = 

40  psig  in  Fig.  6.  The  plume  length  divided  by  the  injector  diameter,  L/dQ, 
is  plotted  as  a  function  of  the  ammonia  concentration,  Ypm.  All  data  points 
are  denoted  by  circles  with  a  line  drawn  through  four  Identical  runs  for  each 
experimental  condition.  It  is  seen  that  the  scatter  in  the  data  is  very 
large.  This  scatter  is  not  surprising  In  view  of  the  high-speed  motion 
picture  studies  which  will  be  described  in  the  next  section.  The  high-speed 
motion  pictures  taken  show  that  the  shape  of  the  plume  is  not  stationary,  but 
undergoes  a  periodic  change  and  that  the  plume  length  varies  over  a  wide  range 
during  a  time  period  of  about  1  msec.  The  plume  lengths  measured  here 
represent  those  values  which  were  seen  by  the  camera  during  any  200-ysec 
interval  of  the  period.  Also,  the  data  reported  here  refer  to  those  plume 
lengths  attached  to  the  injector  nozzle  and  do  not  include  detached  bubbles 
which  are  discussed  in  the  next  section.  (These  detached  bubbles  are  also 
seen  in  Fig.  4.) 

Despite  the  large  amount  of  scatter,  it  is  seen  that  the  plume  length 
increases  with  Increasing  concentration  of  ammonia  for  large  values  of  Yp^ 
(say,  greater  than  0.15).  For  small  values  of  Yp,,,,  it  appears  that  the  plume 
length  remains  fairly  constant.  Also  shown  in  Figs.  5  and  6  for  comparison 
are  three  curves  based  on  Eqs.  (A3),  (A15)  and  (A16)  discussed  in  the  Appen¬ 
dix.  These  curves  were  calculated  using  the  following  assumed  values  of 
constants:  C}  =  5.68  (value  consistent  with  the  correlation  of  Avery  and 
Faeth  (51),  C2  =  0.32  (entrainment  coefficient  of  Ricou  and  Spalding  (111),  C3 
*  1.0,  C4  =  Cj,  and  aHrea  =  818  cal/gHCl. 


Ps*  0.377  MPa  (54.7  psia) 


Eq.  (AI5) 


^Eq.  (A3) 


Eq.  (AI6) 


Plume  length  Data  for  HC1  Plenum  Stagnation  Pressure  of  40  psig 
(0.377  MPa) 


_ •  v  v  \\V,v*>  v , V; '♦>, y.( st;»< v/i'w *»;»*«*»  s?**'4  •iWWi*;’  VVVvy 


Discussion 


The  trends  in  the  data  for  large  values  of  Ypm  appear  to  be  consistent 
with  the  prediction  based  on  Eq.  (A15);  namely,  the  plume  length  increases 
with  increasing  concentration  of  ammonia.  As  discussed  in  the  Appendix,  this 
effect  of  ammonia  concentration  on  the  plume  length  arises  due  to  the  excess 
ammonia  vapor  produced  by  the  heat  of  reaction.  When  the  amount  of  ammonia 
vaporization  is  large,  the  plume  length  is  mostly  determined  by  the  distance 
required  for  condensation  of  the  vaporized  ammonia.  The  boiling  point  of  an 
aqueous  solution  of  ammonia  (hence,  the  degree  of  subcooling  for  a  given 
solution  temperature)  decreases  with  increasing  concentration  of  ammonia. 

Given  the  heat  of  reaction,  therefore,  the  amount  of  ammonia  vaporization 
increases  with  increasing  concentration.  Thus,  the  higher  the  ammonia 
concentration,  the  larger  the  plume  length.  In  contrast,  Eq.  (A3),  which 
ignores  the  vaporization  of  ammonia,  would  predict  a  plume  length  decreasing 
with  increasing  concentration  of  ammonia. 

The  plume  lengths  for  small  values  of  Yp^,  while  remaining  fairly  con¬ 
stant,  appear  to  be  significantly  greater  than  those  which  might  be  expected 
for  the  case  of  pure  dissolution.  A  range  of  plume  lengths  for  the  dissolu¬ 
tion  of  HC1  gas  in  pure  water  at  P$  =  40  psig  is  indicated  by  arrows  in  Fig. 

6.  This  data,  which  was  obtained  from  a  high-speed  motion  picture  taken  of  a 
dissolving  jet,  appears  to  be  in  fair  agreement  with  the  prediction  given  by 
Eq.  (A16).  As  indicated  in  the  Appendix,  if  the  reaction  occurs  in  the  liquid 
solution  phase  with  negligible  vaporization  of  ammonia,  the  plume  length  would 
largely  be  determined  by  the  dissolution  process.  In  fact,  the  plume  length 
should  not  exceed  that  for  pure  dissolution.  The  fact  that  this  is  not  the 
case  seems  to  suggest  that  the  vaporization  of  ammonia  may  take  place  and  play 
a  role  even  for  small  concentrations  of  ammonia.  For  small  concentrations  of 


ammonia,  most  of  the  injected  HCi  gas  is  likely  to  be  dissolved  in  the  liquid 
solution,  reacting  with  ammonia  there.  Depending  on  the  local  mixing  condi¬ 
tion,  the  combined  heat  of  dissolution  and  reaction  would  be  sufficient  to 
cause  some  vaporization  of  the  solution.  (The  heat  of  dissolution  alone  could 
raise  the  solution  temperature  to  the  boiling  point.) 

The  vaporization  could  influence  the  plume  length  in  various  ways.  If 
there  is  any  excess  ammonia  vapor  produced,  the  distance  required  for  conden¬ 
sation  of  the  vapor  would  add  to  the  plume  length.  For  large  concentrations 
of  ammonia,  this  would  be  the  predominant  effect  and  the  plume  would  consist 
mostly  of  ammonia  vapor.  For  small  concentrations,  the  vaporization  is  not 
likely  to  be  as  extensive,  so  the  condensation  length  of  the  vapor  might  not 
be  significant.  However,  the  local  vaporization  near  the  injector  exit  could 
momentarily  impede  the  entrainment  of  the  ammonia  solution  into  the  HCI  gas 
jet,  thus  allowing  the  jet  to  penetrate  further  into  the  bath.  As  a  result, 
the  plume  length  might  increase.  This  hypothesis  regarding  the  effect  of 
vaporization  on  mixing  is  further  discussed  in  the  next  section  in  connection 
with  the  periodic  phenomena  observed  in  high-speed  motion  picture  studies. 

IV.  High-Speed  Motion  Picture  Studies 

During  the  runs  made  for  the  plume  length  data,  a  high-pitched  sound 
(shriek)  was  invariably  heard.  To  investigate  the  nature  of  the  sound,  a  few 
selected  runs  were  made  in  which  pressure  fluctuations  near  the  injector 
nozzle  were  measured.  At  the  same  time,  high-speed  motion  pictures  of  the 
resulting  plumes  were  also  taken.  These  motion  pictures  showed  that  the 
plumes  were  not  stationary,  but  underwent  a  change  in  shape  and  size  with 
time,  which  appeared  to  be  periodic  or  cyclic.  The  pressure  measurements  also 
exhibited  similar  periodic  fluctuations,  which  undoubtedly  were  responsible 
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for  the  high-pitched  sound  heard.  It  soon  became  obvious  that  the  pressure 
fluctuations  were  closely  related  to  the  periodic  behavior  of  the  plumes. 

Following  this  initial  discovery  of  the  periodic  nature  of  the  plume  behavior,  j 

l 

extensive  high-speed  motion  picture  studies  along  with  pressure  fluctuation 
measurements  were  undertaken  covering  a  wide  range  of  ammonia  concentrations 
at  the  plenum  stagnation  pressure  of  40  psig.  (Initial  scoping  studies  indi¬ 
cated  that  the  plume  behavior  at  Ps  =  20  psig  differed  little  from  that  at  40 
psig.)  The  salient  features  of  the  results  of  these  studies  are  summarized 
below.  Unless  otherwise  noted,  all  runs  were  made  at  room  temperature. 

Periodic  Plume  Behavior 

The  plume  behavior,  although  qualitatively  similar,  exhibited  a  varying 
degree  of  regularities  depending  on  the  ammonia  concentration.  We  shall  focus 
on  the  case  of  Yp^  s  0.1,  where  the  observed  periodic  behavior  of  the  plume 
was  most  distinct  as  well  as  reproducible.  This  case  will  be  called  the 
"reference"  case. 

Figure  7  shows  selected  frames  from  a  high-speed  motion  picture  taken  of 
the  injection  of  HC1  gas  into  a  pool  of  6-Normal  aqueous  solution  of  NH3  (the 
corresponding  mass  fraction  of  NH3  in  the  solution  was  0.11).  The  HC1  gas 
plenum  pressure  was  40  psig.  This  pressure  is  about  two  times  that  needed  for 
flow  choking  at  the  nozzle  at  atmospheric  pressure.  The  pressure  at  the 
choking  plane  was  calculated  to  be  29  psia,  so  the  HC1  gas  jet  when  it  came 
\  out  of  the  nozzle,  was  underexpanded. 

;  The  first  frame  of  Fig.  7  shows  the  HC1  gas  jet  just  about  to  emerge  from 

j  the  1-mm  diameter  nozzle.  Also  shown  is  a  detached  bubble  downstream  of  the 

nozzle,  which  has  previously  been  formed  due  to  a  breakoff  of  the  plume  near 
the  nozzle.  The  second  and  third  frames  show  a  fairly  uniform  expansion 
(axial  as  well  as  radial)  of  the  jet  occurring  at  the  nozzle  exit  while  the 


Selected  Frames  from 


detached  bubble  is  collapsing.  In  the  fourth  frame,  the  jet  begins  a  predom¬ 
inantly  axial  expansion.  In  the  fifth  and  sixth  frames  the  axial  expansion  of 
the  plume  continues  while  it  starts  shrinking  near  the  nozzle  exit.  The 
necking-down  of  the  plume  near  the  nozzle  exit  is  clearly  visible  in  the 
seventh  frame.  The  last  frame  shows  the  plume  breaking  off  where  the  necking 
occurred,  producing  a  detached  bubble  downstream  of  the  nozzle.  This  last 
frame  is  essentially  the  same  as  the  first  frame,  indicating  that  the  process 
repeats  itself.  The  time  interval  between  two  adjacent  frames  was  0.13  msec 
and  the  whole  process  described  above  took  place  in  a  period  of  0.9  msec. 

The  pressure  fluctuations  near  the  nozzle  were  recorded  on  an  oscillo¬ 
scope  as  well  as  superimposed  on  the  motion  picture.  A  frame-by-frame  compar¬ 
ison  of  the  motion  picture  with  the  pressure  record  seems  to  suggest  that  the 
occurrence  of  the  pressure  peak  probably  coincides  with  the  breakoff  of  the 
plume  from  the  nozzle.  Figure  8  shows  an  oscilloscope  trace  for  a  run  made 
under  conditions  nearly  identical  to  those  for  Fig.  7.  (The  mass  fraction  of 
ammonia  was  0.12,  which  was  slightly  higher  than  that  for  Fig.  7,  0.11.)  It 
is  seen  that  the  pressure  fluctuations  were  occurring  in  a  remarkably  regular 
manner.  Clearly,  these  well-defined  pressure  fluctuations  were  responsible 
for  the  high-pitched  tone  that  was  heard  during  the  experiment.  Figure  9 
shows  the  normalized  power  spectrum  of  the  pressure  fluctuations  as  a  function 
of  frequency.  It  indicates  that  the  dominant  frequency  was  about  1  kHz, 
corresponding  to  a  period  of  1  msec. 

For  lower  concentrations  of  ammonia  (Yp^  =  0.025  and  0.055),  the  overall 
plume  behavior  appeared  similar  to  that  for  the  reference  case  with  a  somewhat 
shorter  period  (say,  0.7  ms  as  compared  to  0.9  ms).  However,  the  individual 
stages  involved  were  not  as  distinct  as  those  observed  for  the  reference  case. 


Oscilloscope  Trace  of  Pressure  Fluctuations  [Vpu>  =  0.19  and  room  temperature) 


For  higher  concentrations  of  ammonia  (Yp^  =  0.19  and  0.24),  it  was  diffi¬ 
cult  to  discern  well-defined  periodicity,  since  variations  in  the  plume  shape 
and  size  were  not  quite  repetitious.  Also,  the  plume  shape  and  size  varied  to 
a  much  greater  extent  than  it  did  for  the  reference  case  and  the  breakoff  of 
plume  bubbles  occurred  many  nozzle  diameters  downstream  of  the  nozzle  exit. 
Nevertheless,  the  overall  plume  behavior  was  unmistakably  that  of  cyclic 
growth  and  collapse  and  the  period  appeared  to  be  in  the  range  of  3  to  5  ms, 
which  is  much  longer  than  that  for  the  reference  case.  Figure  10  shows  an 
oscilloscope  trace  of  the  pressure  fluctuations  for  the  case  of  YFoo  =  0.19. 

The  power  spectrum  of  the  pressure  fluctuations  is  shown  in  Fig.  11  as  a 
function  of  frequency. 

Discussion 

The  periodic  or  cyclic  plume  behavior  described  above  was  totally  unex¬ 
pected  from  the  knowledge  of  the  behavior  of  a  condensing  jet.  Experiments  on 
condensing  jets  invariably  showed  that  when  the  vapor  flow  was  sonic,  a  stable 
cone  of  condensing  vapor  formed  at  the  nozzle  exit  [8],  Thus,  the  periodic 
phenomena  observed  In  the  present  experiments  are  considered  to  be  unique  to 
reacting  jets.  More  specifically,  it  is  believed  that  the  periodic  phenomena 
is  driven  by  vaporization  of  ammonia  due  to  the  heat  of  reaction.  The  plume 


growth  and  collapse  is  probably  related  to  the  formation  and  condensation  (re¬ 
dissolution)  of  the  ammonia  vapor  in  the  solution.  In  an  effort  to  check  this 
hypothesis,  an  experiment  was  conducted  in  which  the  HC1  gas  was  injected  into 
pure  water  at  room  temperature.  Although  the  dissolution  of  HC1  gas  in  water 
Is  accompanied  by  heat  release,  calculations  indicate  that  the  vaporization  of 
water  In  this  experiment  would  be  unlikely.  No  periodic  or  cyclic  phenomena 
was  observed  In  the  experiment.  A  selected  movie  frame  of  the  dissolving  HC1 
gas  jet  is  shown  in  Fig.  12.  The  cone-shaped  plume  was  stable  except  for  very 
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occasional  lateral  oscillations.  Clearly,  the  behavior  of  the  dissolving  HC1  j 

gas  jet  was  very  similar  to  that  of  a  condensing  vapor  jet. 

Another  experiment  was  conducted  to  check  the  vaporization  hypothesis. 

This  experiment  was  essentially  identical  to  the  reference  case  except  for  the 
solution  temperature  raised  to  45°C  from  room  temperature.  The  high-speed 
motion  picture  taken  showed  that  the  plume  behavior  in  this  experiment  was 
very  similar  to  that  for  the  case  of  Yp^  =  0.19  and  room  temperature.  Thus, 
increasing  the  solution  temperature  has  a  similar  effect  on  the  plume  behavior 
as  does  increasing  the  ammonia  concentration.  The  degree  of  subcooling 
(boiling  point  minus  solution  temperature)  was  about  the  same  for  this  exper¬ 
iment  (Yp^  =  0.12  and  45°C)  and  for  the  case  of  Yp^  =  0.19  and  room  tempera¬ 
ture.  In  as  much  as  the  degree  of  subcooling  controls  the  processes  of  vapor¬ 
ization  and  condensation,  this  experiment  lends  support  to  the  hypothesis  that 
the  observed  plume  behavior  is  caused  by  the  vaporization  of  ammonia  from  the 
solution. 

As  discussed  above,  the  vaporization  of  amnonia  due  to  the  heat  of  reac¬ 
tion  is  believed  to  be  responsible  for  the  observed  periodic  plume  behavior. 

However,  no  satisfactory  explanation  has  yet  been  found  for  the  individual 
stages  involved.  A  plausible  sequence  of  events  is  as  follows.  The  vapori¬ 
zation  of  ammonia  would  cause  a  local  expansion  of  the  plume,  which  would 
momentarily  impede  the  entrainment  of  the  ammonia  solution  into  the  plume 
containing  the  HC1  gas.  As  a  result,  the  plume  would  stretch  out.  Once  the 
expansion  stops,  however,  the  entrainment  mixing  would  again  increase,  leading 
to  an  Increase  in  reaction  and  local  shrinking  of  the  plume.  The  plume  could 
locally  collapse  and  break  off,  forming  a  detached  bubble.  The  mixing  and 
reaction  would  be  greatly  enhanced  where  the  shrinking  and  collapse  takes 
place.  The  reaction  heat  released  then  would  cause  local  vaporization  of 
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ammonia  and  the  whole  process  would  repeat  itself.  This  postulated  sequence 
of  events  is  based  on  an  inspection  of  the  selected  movie  frames  shown  in  Fig. 
7.  At  the  moment,  it  is  more  of  a  speculation  than  an  explanation. 

V.  Concluding  Remarks 

The  results  of  the  present  study  indicate  that  the  behavior  of  a  reacting 
gas  jet  submerged  in  a  liquid  is  highly  dynamic  and  complex,  depending  on  the 
extent  of  vaporization  of  the  bath  liquid  caused  by  reaction  heat  release. 

The  vaporization  would  influence  the  length  of  the  gaseous  jet  penetration 
("plume")  in  two  ways.  First,  the  distance  required  for  condensation  of  any 
excess  vapor  would  add  to  the  plume  length.  Second,  the  vaporization  might 
Interfere  with  the  entrainment  of  the  bath  liquid  into  the  reacting  plume, 
thereby  influencing  the  extent  of  mixing  and  reaction. 

The  periodic  plume  behavior  observed  in  the  present  experiment  is 
extremely  interesting  and  requires  a  further  study.  In  particular,  the 
observations  made  for  the  reference  case,  including  a  high-pitched  sound, 
exhibit  a  striking  similarity  to  the  so-called  "singing  flame"  phenomenon  that 
has  been  known  for  a  long  time  [9,10].  As  in  the  singing  flame,  the  remark¬ 
ably  distinct  periodic  phenomena  observed  may  be  related  to  resonance  between 
the  oscillation  of  the  reacting  plume  and  that  of  the  surrounding  medium, 
which  in  the  present  experiment,  would  be  the  pool  of  ammonia  solution. 

It  remains  to  be  seen  whether  periodic  phenomena  similar  to  those 
observed  In  the  present  NHj/HCl  system  will  also  occur  in  other  reacting 
systems  Including  liquid  metals.  However,  it  would  be  important  to  remember 
the  dynamic  nature  of  the  plume  behavior  when  using  an  X-ray  imaging  technique 
for  visualization  of  a  reacting  gas  jet  in  a  liquid  metal  bath.  As  compared 
to  visual-light  photography.  X-ray  imaging  has  numerous  limitations  in  terms 
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Iof  time  resolution  and  contrast,  so  it  may  be  difficult  to  discern  a  dynamic 
event  occurring  over  a  short  period  of  time  (say,  1  msec  or  less). 

While  the  observations  made  in  the  present  study  are  of  a  preliminary 
nature,  they  may  have  important  scientific  and  practical  implications.  In 
particular.  It  appears  that  the  near-field  mixing  of  the  injected  gas  and  the 
bath  liquid  is  greatly  affected  by  the  vaporization  of  the  bath  liquid  due  to 
reaction  heat  release.  The  near-field  mixing  and  reaction  is  an  important 
consideration  in  understanding  the  erosion  behavior  of  the  injector  nozzle. 
Also,  the  vaporization  might  have  a  significant  effect  on  the  circulation 

I  pattern  of  the  bath  liquid.  To  understand  these  Implications  better,  a 

refined  experiment  including  detailed  measurements  of  temperature,  concen¬ 
tration  and  void  fraction  distributions  would  be  necessary. 
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Appendix:  Plume  Length  Correlations 


When  a  reacting  gas  jet  is  injected  into  a  liquid  bath,  the  jet  pene¬ 
trates  only  a  finite  distance  into  the  bath  because  the  gas  is  consumed  by 
reactions  in  the  bath.  The  reaction  can  be  condensation  in  a  subcooled 
liquid,  dissolution  in  an  unsaturated  liquid,  or  chemical  reaction  with  a 
reactant  dissolved  in  the  liquid.  The  penetration  of  the  gaseous  jet  into  the 
liquid  bath  Is  often  referred  to  as  "plume".  In  this  Appendix  we  shall  use  a 
simple  concept  of  entrainment  and  mixing  to  derive  correlations  for  the  plume 
length  for  three  cases,  namely  chemical  reaction  with  no  fuel  vaporization, 
chemical  reaction  with  fuel  vaporization,  and  simple  dissolution.  These 
correlations  have  been  used  for  comparison  with  experimental  data  in  Section 
III. 


inq  jets  with  no  fuel  vaporization 


Consider  a  pure  oxidizer  gas  jet  discharging  into  a  bath  of  liquid 
fuel.  The  oxidizer  gas  is  consumed  by  reacting  with  the  fuel  entrained  from 
the  liquid  bath.  The  plume  length  L  is  equal  to  the  reaction  zone  length 
Lr.  We  assume  that  the  mixing  ratio  of  the  fuel  and  oxidizer  in  the  reaction 
zone  over  length  Lr  is  proportional  to  the  stoichiometric  ratio,  viz.. 


where  Yc_  Is  the  mass  fraction  of  fuel  in  the  bath  liquid,  m  (L  )  is  the  rate 

of  entrainment  of  the  bath  fluid  into  the  gas  jet  over  length  Lr,  m  is  the 

r  o 

oxidizer  gas  flow  rate  at  the  Injector  nozzle,  $  is  the  stoichiometric  fuel- 
to-oxidizer  mass  ratio,  and  is  a  constant  greater  than  unity  which  allows 


for  Imperfect  mixing  and  is  to  be  determined  empirically.  For  a  turbulent  jet 
discharging  into  a  large  reservoir  of  fluid  at  rest,  it  has  been  experimen¬ 


tally  established  (11,121  that  the  entrainment  rate  m  is  related  to  the 

CD 

nozzle  flow  rate  m  by 
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(A2) 


where  d0  is  the  nozzle  diameter,  pa  and  pQ  are  the  densities  of  the  bath 
liquid  and  the  oxidizer  gas  at  the  nozzle  exit,  respectively,  and  C2  is  an 
empirical  constant.  Combining  Eqs.  (Al)  and  (A2),  we  have 


L  C,  p  1/2 
_r  _  _1  ,  jk 

a  “  r  v  l  _  J 


do  C2V 


(A3) 


Avery  and  Faeth  [5]  found  that  with  Cj/Cg  *  17.8,  Eq.  (A3)  agreed  reasonably 
well  with  a  number  of  condensing  and  reacting  jet  data.  If  we  use  C2  =  0.32, 
the  value  obtained  by  Ricou  and  Spalding  (11),  we  find  that  =  5.68.  This 
implies  that  the  amount  of  fuel  mixed  with  the  oxidizer  in  the  reaction  zone 
Is  5  to  6  times  larger  than  the  stoichiometric  requirement. 

The  entrainment  law  given  by  Eq.  (A2)  was  originally  established  for  a 
subsonic  gas  jet  In  air.  For  an  underexpanded  sonic  jet  where  the  jet  exit 
pressure  Is  greater  than  the  ambient  pressure,  the  pressure  difference  between 
the  jet  exit  plane  and  the  ambient  atmosphere  gives  rise  to  an  excess  momen¬ 
tum.  This  excess  momentum  is  not  explicitly  taken  into  account  in  Eq.  (A2). 
Recently,  however,  Carreau  et  al.  (13!  conducted  experiments  on  liquid 
entrainment  for  sonic  jets  of  nitrogen  gas  in  water  and  found  that  Eq.  (A2) 
was  valid  with  a  C2  value  of  0.30,  which  Is  surprisingly  close  to  the  entrain¬ 
ment  coefficient  of  Ricou  and  Spalding  (11).  Thus  it  appears  reasonable  to 
use  Eq.  (A2)  as  an  empirical  law  even  for  underexpanded  sonic  jets. 
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Reactinq  .jets  with  fuel  vaporization 

If  the  entrained  liquid  fuel  vaporizes  due  to  the  heat  of  reaction,  the 
overall  jet  penetration  length  could  be  larger  than  the  reaction  zone  length, 
i.e.  the  "plume"  could  be  longer  than  the  "flame."  The  overall  penetration 
length  (L)  may  be  estimated  by  adding  the  reaction  zone  length  (Lr)  and  the 
length  required  for  condensation  of  fuel  vapor  ( Lc ) ,  viz. 


L  -  Lr  +  Lc 


(A4) 


We  now  estimate  the  condensation  length,  Lc,  for  the  case  of  an  oxidizer  jet 
submerged  in  a  bath  of  pure  fuel  liquid  (Vp^  =  1.0),  such  as  the  injection  of 
chlorine  gas  into  sodium  liquid. 


Let  Q  be  the  rate  of  reaction  heat  release  available  for  heating  and 
r 


vaporizing  the  entrained  fuel.  If  the  mass  rate  of  fuel  addition  to  the 


vaporizing  zone  is  (m  )  ,  an  energy  balance  gives 


Q  =  (hi  )  (C  aT  +  X  aH  ) 
r  v  ®  vap  p  vap  vap 


(A5) 


where  Cp  is  the  specific  heat  of  the  fuel  liquid,  aT  =  T$at  -  Tm  is  the  degree 
of  subcooling  of  the  reservoir  fuel  liquid,  Xvap  is  the  vapor  quality  and 


AHvap  is  the  heat  of  vaporization.  Now,  we  assume  that  (m  )  is  propor¬ 


tional  to  the  rate  of  fuel  entrainment  into  the  reaction  zone,  (m  ) 


a>'r 


m 


(Lr),  viz. 


(m  )  =  C  (m  ) 

®  'vap  3  ®  r 


(A6) 


where  C3  is  expected  to  be  of  the  order  of  unity.  Further,  we  have 


where  AHrea  is  the  heat  of  reaction  at  prevailing  condition  whose  exact  value 
depends,  among  others,  on  the  enthalpy  of  the  product  species.  Substitution 


of  Eqs.  (A6)  and  (A7)  into  Eq.  (A5)  gives 


m  aH  =  C,  (m  )  (C  aT  +  X  aH  1 
o  rea  3  ®  r  v  p  vap  vap; 


If  the  vapor  quality,  Xvap,  is  zero  or  negative,  no  vaporization  of  fuel 


occurs  and  the  condensation  length,  Lr,  would  be  zero.  The  enthalpy  flow 


associated  with  the  fuel  vapor  is 


C,  (m  )  X  aH  =  m0  aH  -  C,  (m  1  C  aT 
3  <»  r  vap  vap  0  rea  3  ®  r  p 


We  now  assume  that  this  enthalpy  flow  of  fuel  vapor  is  quenched  by  the  cold 


reservoir  fuel  liquid  entrained  over  the  condensation  length,  Lc.  A  simple 
energy  balance  over  Lc  gives 


(m  )  C  aT  =  C.  C.  (m  1  X  aH 
«•  c  p  4  3  “V  vap  vap 


where  (m  )  =  m  (L  )  is  the  entrainment  rate  of  the  bath  liquid  over  the 

00  C  00  C 


condensation  length,  Lc,  and  C4  is  a  proportional  constant  which  is  expected 
to  be  of  the  same  order  of  magnitude  as  Ci.  (m  )  may  be  obtained  from  an 
entrainment  law,  such  as  used  to  derive  the  reaction  zone  length,  viz. 
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Combination  of  Eqs.  (A9),  (A10)  and  (All)  and  rearrangement  yields 
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Combination  of  Eqs.  (A3)  and  (A12)  gives  the  overall  plume  length,  L, 
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Strictly,  the  preceding  derivation  only  applies  to  the  case  of  a  pure 
fuel  bath.  For  the  NHj/HCl  system,  which  was  used  in  the  present  experiment, 
the  treatment  of  fuel  vaporization  would  be  very  complicated,  since  it 
involves  two-component  boiling,  i.e.  distillation.  The  boiling  point  of  an 
NH3  aqueous  solution  depends  on  the  concentration  of  NH3.  Given  the  initial 
NH3  concentration,  Yp^,  and  temperature,  T^,  Eq.  (A8)  may  be  used  along  with  a 
boiling  curve  diagram*  In  order  to  determine  whether  or  not  there  would  be  any 
vaporization  at  all.  For  the  case  when  the  NH3  solution  vaporizes,  equilib¬ 
rium  distillation  may  be  assumed  to  determine  the  vapor  quality,  Xvap. 
Generally,  the  determination  of  Xvap  is  numerically  tedious  as  it  involves 
simultaneous  consideration  of  the  liquid-vapor  composition  and  enthalpy- 
concentration  diagrams.  Similar  complications  would  arise  in  calculating  the 
condensation  process.  For  our  present  purposes,  we  shall  only  consider  the 


Information  necessary  to  construct  a  boiling  curve  diagram  for  aqueous 
solutions  of  NH3  may  be  found  in  the  chemical  engineering  literature.  See, 
for  example.  Ref.  [14). 


-32- 


case  when  Xyap  «  1.  In  this  case,  all  the  equations  derived  for  the  pure 
fuel  case  are  approximately  valid  with  Eqs.  (A12)  and  (A13)  modified  as 
follows. 
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Dissolving  jets 

For  the  injection  of  HC1  gas  into  an  aqueous  solution  of  NH3,  the 
injected  HC1  gas  would  disappear  even  when  the  NH3  concentration  is  zero, 
because  of  dissolution  of  the  HC1  gas  in  the  water.  If  the  reaction  between 
NH3  and  HC1  is  solely  gas-phase,  much  dissolution  of  HC1  gas  in  the  water  is 
unlikely  and  the  disappearance  of  HC1  gas  due  to  dissolution  may  be  unim¬ 
portant.  If  the  reaction  occurs  mainly  in  the  liquid  phase  (i.e.  aqueous 
solutions  of  NH3),  the  plume  length.  In  the  absence  of  fuel  vaporization, 
would  largely  be  determined  by  the  dissolution  process. 

For  dissolving  jets  of  HC1  gas  in  pure  water,  the  plume  length  may  be 
estimated  based  on  the  same  approach  as  used  for  the  reaction  zone  length.  It 
can  be  shown  that  the  plume  length  due  to  dissolution,  Ld,  is  given  by 
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where  V  is  the  mass  fraction  of  HC1  corresponding  to  the  solubility  limit 
HI.  ] 

in  the  water  bath  and  and  Cp  are  the  empirical  constants  discussed  earlier. 


The  dissolution  of  HC1  gas  in  water  is  accompanied  by  liberation  of 
heat.  Therefore,  if  the  initial  water  temperature  is  sufficiently  high,  some 
of  the  entrained  water  in  the  dissolving  jet  might  vaporize.  Should  this 
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